The mechanism underlying the ability of insulin to acutely activate acetyl-CoA carboxylase [acetyl-CoA: carbon-dioxide ligase (ADP-forming), EC 6.4.1.2; AcCoACase] has been examined in Fao Reuber hepatoma cells. Insulin promotes the rapid activation of AcCoACase, as measured in cell lysates, and this stimulation persists to the same degree after isolation of AcCoACase by avidin-Sepharose chromatography. The insulin-stimulated enzyme, as compared with control enzyme, exhibits an increase in both citrate-independent and -dependent activity and a decrease in the Ka for citrate. Direct examination of the phosphorylation state of isolated 32P-labeled AcCoACase after insulin exposure reveals a marked decrease in total enzyme phosphorylation coincident with activation. The dephosphorylation due to insulin appears to be restricted to the phosphorylation sites previously shown to regulate AcCoACase activity. All of these effects of insulin are mimicked by a low molecular weight autocrine factor, tentatively identified as an oligosaccharide, present in conditioned medium of hepatoma cells. These data suggest that insulin may activate AcCoACase by inhibiting the activity of protein kinase(s) or stimulating the activity of protein phosphatase(s) that control the phosphorylation state of the enzyme.
isolated 32P-labeled AcCoACase after insulin exposure reveals a marked decrease in total enzyme phosphorylation coincident with activation. The dephosphorylation due to insulin appears to be restricted to the phosphorylation sites previously shown to regulate AcCoACase activity. All of these effects of insulin are mimicked by a low molecular weight autocrine factor, tentatively identified as an oligosaccharide, present in conditioned medium of hepatoma cells. These data suggest that insulin may activate AcCoACase by inhibiting the activity of protein kinase(s) or stimulating the activity of protein phosphatase(s) that control the phosphorylation state of the enzyme.
The activity of acetyl-CoA-carboxylase [acetyl-CoA:carbondioxide ligase (ADP-forming), EC 6.4.1.2; AcCoACase], a rate-limiting enzyme for fatty acid biosynthesis, may be rapidly modulated by several hormones. Epinephrine in rat adipose tissue and glucagon in rat liver and adipose tissue promote the inactivation of AcCoACase (1) (2) (3) . This inactivation persists after purification of the enzyme to homogeneity and can be accounted for by agonist-stimulated increase in AcCoACase phosphorylation (1, 3) . This hormonemediated inactivation can be entirely mimicked by phosphorylation of the enzyme in vitro by the cAMP-dependent protein kinase and some other kinases active on AcCoACase (1, 3, 4) . The mechanism(s) by which insulin rapidly activates AcCoACase has proven to be elusive. Insulin in rat adipose tissue and adipocytes stimulates the activity of AcCoACase as measured in crude cellular extracts (1, (5) (6) (7) . However, this stimulation has not persisted when the enzyme was isolated by avidin-Sepharose chromatography (1, 7, 8) . Contrary to the expected dephosphorylation of AcCoACase in response to insulin, the only observed effect of insulin on the phosphorylation state of AcCoACase has been an increase in phosphorylation at a site distinct from that phosphorylated in response to epinephrine or glucagon (1, 5, 7, 8) . It has been alternatively suggested that the insulin stimulation of AcCoACase is not due to a change in the phosphorylation state but rather to an unidentified allosteric regulator (7) . In addition, insulin appears to promote the polymerization of the enzyme in rat adipose tissue (9, 10 Experimental Design and Cell Labeling with 32p;. Fao cells were seeded into P-100 plates (Coming) at 1 x 106 cells per plate and grown to 60-70% confluence over 3-4 days. The cells were then washed three times with 4 ml of ice-cold phosphate-buffered saline and then incubated for 1 hr in serum-free medium. This cycle of washing and serum-free incubation was then repeated two more times. The medium was again changed, and hormone additions were made after an additional 15 min. After 30 min of hormone exposure, the cells were washed twice with ice-cold phosphate-buffered saline and then lysed with a digitonin-containing buffer. Cell lysates were prepared by the addition of 400 ,u1 of a buffer (4°C) containing 50 mM Tris chloride (pH 7.5), 1 mM EDTA, 0.1 M NaF, 10 mM 2-mercaptoethanol, 0.25 M sucrose, 0.4 mg of digitonin per ml, and seven protease inhibitors, as in ref. 11 . The plates were rocked manually for 2 min; the lysate was removed and added directly to 0.1 vol of the same buffer without digitonin and containing 60 mg of fatty acid-free bovine serum albumin per ml on ice. This method oflysis was shown to remove quantitatively all of the AcCoACase, as judged by immunoblotting of lysates and residual cell pellets (data not shown). In each of the experiments reported here, lysates from six P-100 plates for each experimental condition were pooled in the same tube. An aliquot of this mixture was then removed for determination of AcCoACase activity. The remainder was then dialysed overnight against the avidinSepharose chromatography buffer (see below) used for isolation of AcCoACase.
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32P-labeling was done under identical conditions except that phosphate-free serum-free medium was -used in the preliminary washing cycles, and the intermittent washings were done with Krebs-Ringer buffer containing 10 mM sodium Hepes (pH 7.4). Prior to hormone addition, the cells were additionally equilibrated with carrier-free 32p; (0.2 mCi/ml; 1 Ci = 37 GBq) for 2 hr. After hormone stimulation, lysates were prepared as with the unlabeled cells. Preliminary experiments established that these changes in the cell incubation protocol did not affect the hormonal stimulations previously observed in unlabeled cells.
AcCoACase Isolation. After dialysis, the extracts were applied to 1.0-ml monomeric avidin-Sepharose columns (11) equilibrated in 50 mM Tris chloride, pH 7.5/0.5 M NaCl/0.1 M NaF/2 mM EDTA/10 mM 2-mercaptoethanol/0.02% NaN3/10% (vol/vol) glycerol. The columns were then washed with >50 column vol ofbuffer; AcCoACase was then eluted in 2.5 ml of the same buffer containing 2 mM biotin directly into a plastic tube containing 0.25 ml of the same buffer containing 10 mg of bovine serum albumin per ml. The latter was added to diminish adsorption of the small amounts of eluted protein to the tube. These eluates and aliquots of the original lysates were then dialyzed against the original lysis buffer (without digitonin) overnight to diminish the high salt concentration, which interferes with the assay of enzyme activity. After dialysis, the fractions were assayed for AcCoACase activity, and samples of the eluates were prepared either for immunoblotting (unlabeled extracts) or for NaDodSO4 gel electrophoresis and radioautography (labeled extracts).
AcCoACase Activity and Immunoblotting. The activity of AcCoACase was determined by H14CO-fixation in the presence of various concentrations of citrate (0-10 mM) (12) modified by the substitution of acetate salts ofTris and Mg2 + for the chloride ones. AcCoACase mass in the avidinSepharose eluates of unlabeled extracts was determined by quantitative immunoblotting with an AcCoACase monoclonal antibody after NaDodSO4 gel electrophoresis and transfer to nitrocellulose as in ref. 13 . As shown in the autoradiogram in Fig. 1 Upper, a single band of Mr 240,000 in purified rat liver AcCoACase is recognized by this antibody.
Miscellaneous Methods. AcCoACase was isolated from the livers of Sprague-Dawley rats who had been fasted for 48 hr and then refed for 48 hr with a low-fat high-carbohydrate diet as described (11) . Casein kinase II was purified from rat liver as in ref. 14 . HPLC mapping of 32P-labeled AcCoACase tryptic peptides was performed as described (1) . The insulinomimetic oligosaccharide was partially purified from H-35 conditioned medium through the P2 gel filtration step as described (15) . NaDodSO4 polyacrylamide gels were performed by the method of Laemmli (16) .
RESULTS
AcCoACase Activation in Fao Cells. As measured in cell lysates, both insulin and the insulinomimetic oligosaccharide factor increased the activity of AcCoACase; the largest effect was evident in the citrate-independent activity, although there was also an increase in citrate-dependent activity ( Table 1 ). The degree of stimulation ofAcCoACase by insulin is typical of that observed in extracts of other cells (1, 2, (5) (6) (7) 12) . After purification of AcCoACase by the highly specific monomeric avidin-Sepharose method, the insulin-and factorstimulated increases persisted to the same extent. Because of the low ahiounts ofAcCoACase isolated in these experiments (1-2.5 ,ug from each pool of six P-100 plates) and their dilution in an albumin-containing buffer, we cannot claim that this is a homogeneous preparation based on protein assay or staining of NaDodSO4 gels, although homogenous preparations are obtained from rat liver by the same isolation technique (11). However, the immunoblot technique does allow a precise estimate of AcCoACase content in the isolates. As shown in Fig. 1 Lower, a single band of Mr 240,000 that comigrates with rat liver AcCoACase was detected in the avidin-Sepharose eluates, and there were no significant differences in the recovery of this protein between control and agonist-stimulated isolations in four experiments (see also Table 1 ). This immunoblot technique allowed us to express the data as units of enzyme activity per mg of AcCoACase protein (Table 1) ; these estimates of specific activity were in good agreement with those of AcCoACase isolated from whole rat liver under a variety of nutritional conditions (11, 17) . In addition, there was no significant difference in the percentage of enzyme activity recovered upon purification from control and stimulated lysates.
Comparison of the kinetic properties of AcCoACase isolated from control and stimulated cells indicates three changes that occurred with activation (Table 1 and Fig. 2) . The largest effect of insulin and the factor was on citrateindependent activity (2-to 3-fold). There was also a 50% decrease in the Ka for citrate and a 50% increase in maximal activity measured at saturating citrate concentrations.
Changes in AcCoACase Phosphorylation. The persistence of AcCoACase activation after dialysis against high-salt buffers and, most importantly, after isolation by avidinSepharose chromatography suggests strongly that the insulin-and factor-stimulated change in AcCoACase activity is due to a covalent modification. While proteolysis can lead to AcCoACase activation (18) , no evidence of altered molecular size was evident on the immunoblot (Fig. 1 Lower) . Therefore, we next examined the effects of these stimulators on the phosphorylation state of AcCoACase as isolated from 32P-labeled cells. A single [32P]phosphoprotein of Mr 240,000, which comigrated with AcCoACase isolated from rat liver, was detected in the avidin-Sepharose eluates (Fig. 3 Left) .
The apparent 32p content of AcCoACase was markedly diminished in isolates from insulin-and factor-stimulated of a saturating (10 mM) citrate concentration. In a separate series of four experiments, AcCoACase activity was measured after isolation of the enzyme from lysates by avidin-Sepharose chromatography. AcCoACase content in these isolates was determined by quantitative immunoblotting by excision and counting of the 251I-labeled band on blots with comparison to a standard curve constructed with isolated AcCoACase. The results are expressed as units of AcCoACase activity per mg of AcCoACase protein (means ± SD). The Ka for citrate (± SEM) was determined in these same isolates by enzyme assay at variable citrate concentrations; these data were analyzed by linear double reciprocal plots of 1/V -V0 versus 1/[citrate], and the Ka was determined by linear regression analysis. The recovery of AcCoACase protein through isolation is depicted as percent control recovery (± SD), as judged by immunoblotting. The total recovery varied between experiments with separate cell platings between 1 and 2.5 ,g of AcCoACase protein per total volume of the eluate but did not differ significantly between control, insulin-, or factor-stimulated isolates within each experiment (see also Fig. 1 Lower). AcCoACase activity recovery was calculated based on assays of the lysates and the final eluates, as measured at a maximally stimulating citrate concentration; these data are expressed as % total lysate activity (± SD) recovered in the avidin-Sepharose eluates. The differences in AcCoACase activity parameters between control and agonist-stimulated are all significant at P < 0.005, as determined by Student's t test.
cells. In this same experiment, AcCoACase activity was enhanced in the insulin and factor-stimulated isolates coincident with this decrease in total 32p content (Fig. 3 Right) .
The 32P-labeling protocol did not alter the stimulations of AcCoACase activity observed in unlabeled cells (compare Table 1 and Fig. 3 Fig. 1 .
of AcCoACase activity in the absence and presence of citrate, the latter ratio being independent of enzyme mass ( Shown are two representative experiments derived from isolation of AcCoACase from 32P-labeled cells after exposure to the control vehicle, insulin (100 nM), and factor for 30 min as detailed. In a third experiment, the same changes in 32p content were observed, but activity was not determined. 32p
content is expressed as cpm per total volume of the dialyzed eluate; all radioactivity was precipitable with 25% trichloroacetic acid, and a single radiolabeled band was detected on NaDodSO4 gel electrophoresis and radioautography (see Fig. 3 ). Because AcCoACase content could not be determined in these experiments (see text), the data have been normalized to the measurement of AcCoACase activity at 0 and 10 mM citrate in these same isolates and are presented as cpm of 32p per microunit of AcCoACase activity. In parentheses is shown the percentage of each parameter relative to the control (= 100).
latter at each concentration of citrate. These data indicate that, per unit of enzyme activity, the AcCoACase isolated from insulin-and factor-stimulated cells is relatively dephosphorylated. Preliminary mapping of tryptic phosphopeptides by reverse-phase HPLC from 32P-labeled cells revealed a pattern of site-directed phosphorylation similar to that previously observed in both rat adipocytes and hepatocytes and after in vitro phosphorylatioh of AcCoACase with various protein kinases (not shown) (1, 3, 4) . The agonist-stimulated dephosphorylation appeared to occur on a peptide that could be labeled in vitro on incubation of isolated rat liver AcCoACase with the cAMP-dependent protein kinase and an endogenous 5'-AMP-stimulated kinase present in highly purified preparations ofAcCoACase. t No change in the phosphorylation of a second peptide that can be labeled in vitro with casein kinase II was seen either in response to insulin or the oligosaccharide. Thus, the agonist-mediated dephosphorylation of AcCoACase appeared to occur in the phosphorylation site(s) that is phosphorylated in the intact cell in response to agonists, such as glucagon and epinephrine, which inactivate the enzyme in intact cells and in vitro upon incubation with AcCoACase-inactivating protein kinases.
DISCUSSION
The results of the present study indicate that enzyme dephosphorylation is the mechanism by which insulin and an insulinomimetic autocrine factor produced by Reuber hepatoma cells acutely increase the activity ofAcCoACase in Fao cells. Persistence of the agonist-induced activity change with purification of the enzyme coupled with changes in 32P content argue persuasively for this underlying covalent change being responsible for the alteration in catalytic activity.
Several laboratories, including our own, have previously described an increase in AcCoACase phosphorylation in response to insulin in rat adipocytes and hepatocytes (1, 5, 7, 8) . However, the insulin-stimulated change in AcCoACase activity detectable in crude cellular extracts has not persisted heretofore to the same extent on purification of the enzyme, tHighly purified rat liver AcCoACase preparations contain an inactivating protein kinase (11) . Recent experiments have determined that the activity of this kinase towards AcCoACase is markedly stimulated (6-to 10-fold) by 5'-AMP; half-maximal stimulation occurs at 20 ,IM 5'-AMP, with maximal stimulation at 200 ,uM (A. Bianchi and L. A. W., unpublished observations). This kinase is likely identical to that described by others (19) . making linkage between this phosphorylation change and changes in catalytic activity uncertain. Our current experiments indicate that the dephosphorylation of AcCoACase is largely confined to one or more phosphorylation sites that are phosphorylated in vitro by two protein kinases (the cAMPdependent protein kinase and an endogenous 5'-AMPstimulated protein kinase) accompanied by enzyme inactivation. Therefore, dephosphorylation of these sites would be expected to increase AcCoACase activity. This same phosphorylation site(s) also appears to be phosphorylated in response to glucagon and epinephrine in rat cells coincident with enzyme inactivation (1, 3) Dephosphorylation of AcCoACase in vitro by various protein phosphatases has long been recognized to lead to enzyme activation (4, 7, 11, 17, (20) (21) (22) (23) . This mechanism also has been demonstrated directly to occur in vivo in rat mammary tissue with alterations in nutrition (23) and has been postulated to occur in vivo in response to an acute glucose challenge (17, 24) . The alterations in citrateindependent activity, maximal enzyme velocity (at maximal stimulating citrate concentrations), and Ka for citrate observed in the present study in response to insulin and the factor are entirely consistent with the demonstration of enzyme dephosphorylation, based on analogy to the protein phosphatase experiments. Each of these kinetic parameters has been shown to be influenced in the same way by in vitro dephosphorylation of AcCoACase (7, 17, (20) (21) (22) (23) (24) .
The inability to maintain the insulin-stimulated increase in AcCoACase activity through enzyme purification has led others to suggest that insulin regulation occurs through an allosteric mechanism because of some unidentified allosteric regulator (7). This observation was based on the loss of insulin-stimulated AcCoACase activity after desalting of crude cell extracts in the presence of high salt concentrations. In the present study, we have been able to maintain the insulin-stimulated increase in activity after dialysis against a high-salt buffer, extensive high-salt washing after enzyme immobilization of avidin-Sepharose, and subsequent dialysis of biotin eluates of these columns. These observations argue strongly against such an allosteric mechanism.
Our previous inability and that of others (1, 5, 7, The present results suggest that attention should be drawn to insulin's ability to inhibit a cellular protein kinase that leads to AcCoACase inactivation or to activate a protein phosphatase that leads to site-specific dephosphorylation. Such kinases include the cAMP-dependent protein kinase and other cAMP-independent kinases (1, 4, 10, 19, 24, 25) . While the kinases have some site specificity, the protein phosphatases active on AcCoACase in rat liver apparently do not discriminate between phosphorylation sites labeled by the cAMP-dependent protein kinase, casein kinase I, and casein kinase II (26) . This nonselectivity makes it difficult to explain a discrete site-specific dephosphorylation in response to insulin as being due to activation of one of these phosphatases. These observations make it reasonable to speculate that the effect of insulin and the autocrine factor could be due to inhibition of one or more of the protein kinases active on AcCoACase.
We also have not observed an increase in phosphorylation in response to insulin in the AcCoACase peptide observed in previous experiments. This phosphorylation may be mediated by casein kinase 11 (1, 8) . Phosphorylation of AcCoACase in vitro by this kinase has no effect on its kinetic properties (4, 14) . (27) . In addition, this laboratory has reported that when AcCoACase is phosphorylated in vitro by this kinase, the rate ofdephosphorylation ofa separate site phosphorylated by the cAMP-dependent protein kinase is accelerated (28) . We cannot exclude that such a concerted mechanism has not occurred in our cell lines, since the phosphorylation measurements were only done at a single time point (30 min). The effects of insulin in these experiments were entirely mimicked by the autocrine factor, which has been partially purified from the conditioned medium of Reuber hepatoma cells (15) . This factor may be identical to a polar oligosaccharide isolated after digestion of a glycophospholipid with a phosphatidylinositol-specific phospholipase C and after exposure of BC3H1 myocytes to insulin; these oligosaccharides have several other insulinomimetic actions in both whole cells and in vitro (29) (30) (31) (32) (33) . While we have no evidence at present that this factor is generated in hepatoma cells in response to insulin, its ability to mimic the action of insulin to stimulate and dephosphorylate AcCoACase has provided a valuable probe that could be useful in identifying the locus of insulin regulation.
